It has been shown that magnetic field exposure in apartments located directly on top or adjacent to transformer rooms is higher compared with exposure in apartments located further away from the transformer rooms. It is unclear whether this also translates into exposure contrast among individuals living in these apartments. We performed spot measurements of magnetic fields in 35 apartments in 14 apartment buildings with an in-built transformer and additionally performed 24-h personal measurements in a subsample of 24 individuals. Apartments placed directly on top of or adjacent to a transformer room had on average exposures of 0.42 mT, apartments on the second floor on top of a transformer room, or sharing a corner or edge with the transformer room had 0.11 mT, and apartments located further away from the transformer room had levels of 0.06 mT. Personal exposure levels were approximately a factor 2 lower compared with apartment averages, but still showed exposure contrasts, but only for those individuals who live in the apartments directly on top or adjacent to a transformer room compared with those living further away, with 0.23 versus 0.06 mT for personal exposure when indoors, respectively. A classification of individuals into 'high' and 'low' exposed based on the location of their apartment within a building with an in-built transformer is possible and could be applied in future epidemiological studies.
INTRODUCTION
Residential magnetic field exposure has been associated with childhood leukemia in a number of case-control studies, with approximately a 1.5 to twice as high risk for children exposed to levels of Z0.4 mT compared with those with exposure levels of o0.1 mT. [1] [2] [3] Methodological problems of these studies, differential selection bias as well as confounding by socioeconomic position are the most frequently mentioned non-causal possible explanations for this association. 4 In order to reduce the scientific uncertainty surrounding the epidemiologic association between extremely low frequency magnetic fields (ELF-MFs) and childhood leukemia, new epidemiological approaches are required that would minimize biases from different sources while maximizing the ability to detect an association. 5 The TransExpo study is a planned international multicenter study of magnetic field exposure and leukemia in children living in apartment buildings with in-built transformers. In order to reduce the potential for selection bias, the study is planned to be conducted based on registry data only, without the direct participation of the individuals. In addition, the study design is expected to reduce confounding by socioeconomic position by matching cases living in an apartment building with an in-built transformer to controls living in a similar building. In such a design, the study cases and controls would have likely a similar distribution of socioeconomic position and other environmental exposures. 6 However, for this approach to work, it would be preferable if it were possible to group exposure of children to magnetic fields into high or low levels without monitoring, but based solely on location of the apartment relative to the transformer room within the building. In Finland, 7 Switzerland, 8 Israel 9 and Hungary, 10 spot measurements of magnetic field exposure have been performed in buildings with in-built transformers. These studies showed that exposure levels in apartments directly on top or adjacent to a transformer room were between 0.3 and 1 mT; well in line with what can be encountered in the vicinity of high-voltage power lines. [11] [12] [13] Apartments located further away (i.e., not directly on top or adjacent) from the transformer room were at background levels of r0.1 mT. In contrast to power lines, transformers are a point source of magnetic fields and higher residential exposure from in-built transformers is more localized and may be even limited to some rooms of the respective apartment. It is therefore unclear to what extent higher exposures measured in certain rooms of apartments will translate into higher personal exposures.
To study if a meaningful exposure contrast can be observed with a priori exposure classification based on apartment location, we performed spot measurements, 24 h bedroom measurements, 24 h transformer room measurements, 24 h personal measurements as well as 24 h load measurements of the transformer.
MATERIALS AND METHODS

Selection procedure
We contacted the three main electricity providers in the Netherlands, who provided us with databases of locations and power capacity of transformers. From these databases, we selected residences where the transformer was integrated into the building and with differing levels of 1 Institute for Risk Assessment Sciences, Utrecht University, Utrecht, The Netherlands; power capacity of the transformer, so that we would capture the most frequently used levels in our monitoring survey.
We inspected the buildings to assess if there were any apartments directly on top or adjacent to the transformer room and contacted residents if that was the case. We sent letters to potential participants announcing measurements and asked if they would also like to participate in a 24-h personal measurement. Participants were given a book voucher (a gift card) as incentive to participate. Measurements were performed during May to December 2010 in apartment buildings in four different cities across the Netherlands: Amsterdam, Deventer, Rotterdam and Utrecht (including Bilthoven).
Measurements
We used Emdex IIs as well as Emdex Lites (both from Enertech Consultants, Campbell, CA, USA) for our measurements of magnetic flux density. Both are portable devices that record magnetic flux density in 3 to 4 s intervals in the frequency range of 40-800 Hz. Emdex devices were calibrated before the start of the project.
We took EMDEX IIs for spot measurements in the apartments where we measured in all rooms of the apartments at 0.5 m above the floor, in the center of the rooms as well as in the corners of the room, at 1.4 m distance of the corners, 14 over a duration of B1 min. We additionally performed spot measurements on the center of the bed. Appliances were left the way we encountered them for the measurements, meaning that we did not switch them on or off.
We also performed 24 h measurements in the bedroom of the inhabitants of the apartments: Emdex Lites were placed at an unobtrusive position as close to the bed as possible, at 0.5 m above the ground on a small tripod. If participants agreed, we additionally performed 24 h personal measurements where we asked each participant to wear an EMDEX Lite and to record their activities continuously in a diary designed for the purpose. The diary was used to identify activities that were performed inside or outside of the apartment. Only one person per apartment was recruited for personal measurements and in the case of several bedrooms, we performed the 24 h measurement in the master bedroom that was used by the inhabitant who carried the Emdex Lite.
Magnetic fields in the transformer room were assessed with an EMDEX II at a 1-m distance of the low-voltage bus racks at 1 m above ground. These measurements were performed in parallel with load measurements of the transformer, performed by a technician of the respective electricity company. Both load and magnetic field measurements in the transformer room were started before any other measurements in the apartments of the respective building and ended last. All measurements were performed on workdays during 2010.
A priori exposure classification Apartments were classified as potentially 'high' exposed if they were located directly on top or adjacent to a transformer room, that is, if the apartment shared either a wall or the floor with the transformer room. Potentially 'medium' exposed apartments were located directly on top of the 'high' exposed apartments, or apartments that shared a corner or edge with the transformer room. All other apartments located further away from the transformer room were classified as potentially 'low' exposed. If apartments stretched over more than one floor, they were assigned to the respective group based on the location of the master bedroom. This happened in seven cases in total. Of the four apartments with mediumand low-exposure category rooms, two were grouped as medium exposed and two as low exposed. Two apartments with high and medium category rooms, as well as one apartment with rooms in all three exposure categories, were grouped as high exposed. For a sensitivity analysis, we additionally coded these seven cases into the respective other exposure category they could have been classified in, with the one apartment with all three exposure categories coded as medium exposed.
Data management and statistical analysis
Diary information regarding activities was attributed to measurements based on the time information. One participant with personal measurements did not fill in the activity diary. Of the other participants, 6% of the activities of 8 individuals, corresponding to 2% of all activities of individuals with activity diary information, were either missing or could not be clearly separated as to being inside or outside, and were set to missing.
Data from personal measurements, 24 h bedroom and transformer room magnetic field measurements were downloaded into Emcalc software. We calculated average (arithmetic mean) magnetic fields of the spot measurements performed in the apartments excluding the measurement on the bed, as well as of the personal measurements and the 24 h bedroom measurements. We then compared exposures encountered in apartments across our exposure categories and tested differences using Kruskal-Wallis tests.
We calculated Spearman's rank correlation coefficients to assess the relationship between total personal exposure, personal exposure when indoors and outdoors as well as with the 24 h bedroom measurement and with spot measurements. We applied a linear mixed model where we included building as random intercept to quantify the variability in the spot measurements that could be explained by our exposure classification. Average magnetic field levels were log-transformed for this purpose. Because the intensity of magnetic fields increases with the use of current and decreases with distance from the source, we also estimated the influence of the average current (continuous, 130-440 Ampere) used by the transformer during the measurement period, the capacity of the transformer (250-400 versus 630-1260 kVA) and the number of rooms that the apartment had (2 or 3 versus 4-6) as a proxy for size of the apartment. Given the low number of observations, models were fitted with one variable at a time.
We calculated sensitivity and specificity of a binary exposure classification, as previously performed by others. 8, 9 We applied cutoffs of 0.2 and 0.4 mT to the measurements, and calculated sensitivity and specificity of 'high' exposure classification versus 'medium' or 'low'. All data were analyzed using Stata (version 10; StataCorp, College Station, TX, USA).
RESULTS
Of the 26 individuals contacted who lived in an apartment located directly on top or adjacent to a transformer room, 11 (42%) agreed to participate in the spot measurements, 10 (38%) in a 24 h bedroom measurement and 6 (23%) to perform personal measurements. Of the 63 individuals contacted who lived in apartments further away from the transformer room in the building, we performed spot measurements in 24 apartments (38%), bedroom measurements in 21 (33%) and personal measurements with 17 individuals (27%). All in all, we performed measurements in 14 apartment buildings. In these buildings, one transformer (7%) had 250 kVA, 6 (43%) had 400 kVA, 3 (21%) had 630 kVA, an additional 3 (21%) had 800 kVA and 1 had (7%) 1260 kVA. This corresponds to the distribution of the power capacity of transformers as reported by the electricity providers (data not shown). Capacity of the transformer was not correlated to average load used by the transformer during the measurement days (Spearman's correlation coefficient 0.01). Average load of our transformers during the measurement period was 232 A with a range of 129-446 A.
We measured on average in 2.5 apartments per building, with a range of 1-6. Apartments had 3.9 rooms in addition to kitchen and bathrooms, with a range of 2-6 rooms. Participants spent most of their time, 72%, in the apartment (range 34-95%), which corresponds well to reports of time spent indoors of small children. 15, 16 Results of the measurements are given in mT, as listed in Table 1 . We observed clear exposure contrast in average spot measurements and 24 h bedroom measurements depending on whether apartments were located directly on top or adjacent to a transformer room, or further away. Contrast in measured exposure across our exposure categories was lower for total personal exposure and personal exposure when indoors (Table 1 and Supplementary Information). There was no contrast across the groups for personal exposure during the time that individuals spent outside of their apartments.
Personal 24 h measurement results were highly correlated with personal measurements of the time spent indoors, and moderately correlated with all other measurements, except with personal measurements taken outside (Table 2 ).
Total personal exposure was above 0.2 mT for 2 of 6 people living on top or adjacent to a transformer room, and for 1 of 18 individuals living in an apartment located further away, yielding a sensitivity of 33% and a specificity of 94%. Sensitivity and specificity for a 0.4-mT cutoff were 17% and 94%, respectively. Sensitivity was much higher for bedroom or apartment spot measurements (Table 3) .
In our linear mixed models we found that the exposure categorization accounted for 61% of the variability in the spot measurements, for 34% for the 24 h bedroom measurement and 24% for the total personal measurements. Load or capacity of the transformer or number of rooms of the apartment explained only very little of the encountered variability (Supplementary Information).
Finally, recoding of the seven apartments that had rooms in more than one exposure category yielded similar results, with median exposures of 0.32 mT in the high-exposed group, 0.14 mT in the medium-exposed group and 0.06 mT in the low-exposed group (spot measurements).
DISCUSSION
Apartments placed directly on top of or adjacent to a transformer room displayed statistically significant higher magnetic field levels compared with apartments that were located further away from the transformer room. These higher levels in the apartments also translated into higher personal exposures. A classification of apartments as well as individuals into 'high' and 'low' exposed based on the location of the apartment within the building therefore seems possible with a high specificity (94% for total personal exposure for both 0.2 or 0.4 mT cutoffs). A high specificity is particularly relevant if the exposure is rare. 17 The specificity encountered in our study is in line with what has been reported when using distance to a power line as a proxy for high exposure, but the sensitivity was somewhat higher. 18 Our results are well in line with what has been previously reported from spot measurements in apartment buildings with inbuilt transformers that were performed in other countries. The possible exception of this is Hungary, where higher exposure levels of 1 mT in the apartments directly on top of the transformer room were reported, 10 as well as personal exposures at a similar level when being inside these apartments. 19 It is unlikely that different methodologies could explain such differences, as the same measurement devices and the same protocol have been applied in all previous TransExpo pilot studies. A potential explanation is that bus bar architecture could contribute to the observed differences; bus bars were reported to be usually mounted to the ceiling in Hungary, but were always attached to the transformer room walls in our study. We measured a maximum of 18.8 mT in one room adjacent to a transformer room where the bus bars were attached just on the other side of the wall. In the analyses of magnetic field exposures from in-built transformers from Israel 9 and Switzerland, 8 it was suggested to include an additional 'medium' exposed category if apartments shared an edge or corner with the transformer room, or if the apartment was placed directly on top of the potentially highexposed apartment, above the transformer room. We followed this suggestion, and our results of spot measurements are well in line with these two reports with average exposures of 0.14 mT in Switzerland in the 'medium' category, and 0.11 mT in Israel as well as in our analysis. In a next step, we assessed whether exposure contrasts could also be observed at the level of the individual and we therefore performed personal measurements. We showed that although exposure levels of individuals are much lower compared with spot measurements performed in the apartments, there still remain exposure contrasts between individuals categorized as high or low exposed, based on the location of their apartment within the building. However, given the very low number of observations in the 'medium' exposed group, we cannot assess whether it would be worthwhile for future (epidemiological) studies to group into three exposure classes, or whether two classes would be more appropriate.
In our analysis, we tried to assess which additional factors next to distance to the transformer room could improve our exposure classification. We hypothesized that magnetic field exposure in large apartments would be on average lower than in small apartments, and that exposure would increase with load of the transformer. Load of the transformer was also suggested to be an important determinant of the absolute levels of exposure in the study performed by Thuroczy et al. 10 Our regression analysis provided no evidence for or against these factors, although we would like to stress that we were limited in our ability to perform such an analysis, given the small number of observations. However, information regarding the load of the transformer and the location of the bus bars could be assessed entirely without contact to potential study participants, one of the requirements of the study design. Even the size of the apartment might be information that could be drawn either from external information sources or with little burden from participants. Either a larger future study or a pooled analysis of the previous TransExpo pilot studies might provide information as to which additional factors can or should be evaluated in order to improve the exposure assessment.
Previous reports on spot measurements performed in residences grouped per 'wire code' 20 suggest that magnetic field exposures in our high-exposed apartments correspond to values found in the very high current configuration (VHCC), where average magnetic field strengths of B0.2-0.4 mT have been reported. 21, 22, 23 Series of measurements have also been performed in residences close or far from power lines. Our measurements in apartments on top or adjacent to transformer rooms suggest that encountered exposures can be in the same range as exposures originating from power lines. For example, exposure levels above 0.3 mT were reported in residences of children living within 50 m of a power line, 11 B0.5 mT in homes of adults living in the same perimeter of a power line in Sweden 12 and an average of 0.4 mT in homes of individuals 'living near a power line' in Denmark. 13 Magnetic field strength was, however, much higher with exposures of B1.9 mT in homes of individuals living within 20 m of a power line in another study. 24 Exposure levels in homes of individuals living far from power lines were B0.1 mT. 12, 25 In our study, exposures measured further away from the transformer room were also low, with the highest single apartment average of 0.1 mT in this category. On average, exposures were lower during the time participants spent outdoors. This highlights both power lines and in-built transformers as major contributors of magnetic field exposures in individuals living in close proximity to these sources.
Some previous studies have assessed whether spot measurements, 24 h or 48 h stationary measurements can be used as valid predictors for personal exposures. Stationary home measurements as well as spot measurements of the whole apartment were moderately correlated with personal exposures (correlation coefficients between 0.5 and 0.7) in previous studies, 25, 26, 2728 in line with our findings.
Most previous studies analyzing the association between childhood leukemia and magnetic field exposure from power lines have used either spot measurements or stationary 24 h or 48 h measurements, or calculated residential fields. Personal measurements were rarely assessed; for example, of the three pooled analyses, [1] [2] [3] only one included study 29 had performed personal measurements. In our measurement series, we observed highest exposures in the 24 h bedroom measurements and lowest in the personal measurement, as also previously reported in one study assessing the exposure from power lines. 25 Using residential exposure as a proxy of personal exposure would therefore overestimate absolute exposure levels, and probably also the exposure contrast of individuals living in close proximity of a transformer, compared with individuals living further away. However, risk estimations based on exposure classification into high and low (or in close proximity versus further away) would not be expected to be strongly affected.
CONCLUSION
Inhabitants of apartments can be grouped into high and low exposure categories based on the location of the apartment within a building to the transformer room. The application of such an exposure classification could make future epidemiological studies less prone to potential biases, as it is not necessary to contact study participants and to perform measurements. The TransExpo study could contribute to assessing the association between childhood leukemia and the exposure to magnetic fields.
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